Thus, Aerobacter aerogenes forms no volutin when grown on ordinary nutrient media, but much when grown under acid conditions (pH 4.0 to 5.0) on a poorly buffered medium containing sugar and a small amount of phosphate (Duguid et al., 1954) . Volutin production is induced also in A. aerogenes by certain conditions of nutrient imbalance not involving development of acidity; this paper describes an investigation of such conditions.
There is evidence that volutin accumulates when cell growth is limited. Pesch (1924) found that volutin production in C. diphth.eriae on glucose blood agar was increased when the amount of growth was decreased by reduction of the blood content. Winkler (1953) noted that the granules of corynebacteria and mycobacteria were small in the early stages of growth and enlarged greatly in the later stages. Stich (1953) observed that Acetabularia mediteranea formed large cytoplasmic granules of volutin ("metaphosphate") when its growth was terminated naturally or artificially. Similarly, in the present study, A. aerogenes was found to form volutin when its growth was halted by exhaustion of the nitrogen or sulfur source.
The restoration of phosphate supply following phosphate starvation constitutes another form of nutrient imbalance inducing production of volutin. Jeener and Brachet (1943) found that yeast cells grown on a phosphate deficient medium lost most of their normal basophilia; when transferred to a fresh medium containing phosphate, such cells synthesized much basophilic substance within a short time. Wiame (1946a) showed that the basophilic substance formed in the subcultures of phosphate starved yeast, unlike that in normal yeast, gave the metachromatic reaction with toluidine blue which is characteristic of volutin. Duguid (1948) found that volutin formation was induced siilarly in A. aerogenes, granules appearing abundantly in the first hour after transfer of the phosphate starved bacilli onto nutrient agar. The present paper reports a further study of this mode of volutin formation. Wiame (1946a, b; 1947a, b) obtained convincing evidence that the volutin ("metachromatic substance") of yeasts is a polymenized inorganic metaphosphate. Duguid et al. (1954) obtained similar findings for the volutin of A. aerogenes grown in acid conditions. Synthesis of volutin requires adequate provision of certain nutrient factors, including favorable sources of energy and phosphorus (Elser and Huntoon, 1909; Zikes, 1922; Duguid et al., 1954) . The requirement of potassium ions for uptake of phosphate prior to metaphosphate formation by bakers' yeast was demonstrated by Schmidt et al. (1949) .
MATERIALS AND METHODS
The observations were made with a capsulate, noumotile strain (A3) of A. aerogenes which had the following properties: methyl-red negative, producing acetyimethylcarbinol, utilizing citrate, not producing indole, not liquefying gelatin, and fermenting glucose, lactose, sucrose, mannitol, inositol, and glycerol with production of acid and gas.
Surface cultures were grown on 50 ml amounts of agar medium in 9 cm petri dishes. A "complete" medium was used to give growths limited by exhaustion of the carbon and energy source VOLUTIN IN AEROBACTER AEROGENES 0.001 g; CaC12, 0.001 g; FeCL, 0.0001 g; washed agar fiber, 2.0 g. For growths limited by exhaustion of other nutrient factors, similar media were used with a reduced content of phosphate (sole phosphorus source), NH4Cl (sole nitrogen source), Na2S04 (sole sulfur source), or KCl (sole potassium source). For extremely deficient cultures no addition of the nutrient compound was made, the deficient nutrient being provided by traces of contamination substances in the agar, which were estimated according to the amount of growth supported. The phosphate content of 1.0 g per 100 ml effectively buffered the pH of the culture, preventing fall below 6. 24 hours, and these granules persisted for one or two days (figure 1). Volutin production was not correlated with polysaccharide production; the phosphorus, nitrogen, and sulfur limited cultures were highly mucoid, while the carbon and potassium limited cultures were nonmucoid (c.f., Duguid and Wilkinson, 1953 Wiame (1947a) and Yoshida and Yamataka (1953). Cytological observations. In Albert stained smears the volutin containing cells showed their granules stained purple-black, their protoplasm light green, and their capsules violet-brown (figures 1, 3, and 5). Volutin-free cells showed the green protoplasm and brown capsules but no black granules (figure 6). The granules ranged in diameter from the smallest resolvable about 0.2 ,u to the largest about 0.9 ,u; the bacilli were mostly from 0.5 to 0.8, in width. In the nitrogen deficient and sulfur deficient cultures, most cells contained a single small granule (0.2 to 0.4 ,u) situated centrally or laterally near the cell equator, and some contained two granules (figure 1). In the two hour subcultures of phosphate starved growths, most cells contained two to four large granules (0.4 to 0.9 ,), two of which commonly occupied terminal or subterminal positions (figures 3 and 5). Corresponding granules, staining dark purple, were demonstrated clearly in wet films with the toluidine blue-formalin-acetic acid stain of Lindegren (1948) . In dried smears stained with methylene blue or toluidine blue, the granules were darker than the rest of the cell; subsequently, they proved weakly acid-fast, resisting destaining by one per cent sulfuric acid for one minute. The granules did not stain as fat or as polysaccharide.
Volutin containing cultures examined in unstained films by the phase-contrast and electron microscopes exhibited dense granules corresponding generally in size and situation with the volutin granules seen in stained smears. No granules were thus demonstrable in any of the volutin-free cultures. In wet films by phase-contrast, circular granules were seen which were much denser than the rest of the cell although the granules in some of the cells were not thus apparent (figures 2 and 4). Those Robinow (1944) . The volutin granules did not seem to correspond with the nuclear bodies; generally they were more numerous and differently situated, often lying asymmetrically to the side of the cell. Wet preparations stained with triphenyltetrazolium, neotetrazolium, and Janus green B were examined in order to determine whether the volutin granules corresponded with the mitochondria-like bodies observed in a variety of bacteria by Mudd et al. (1951a, b (Wilkinson et al., 1954, in press), this nonmucoid, smooth colony variant of strain A3 formed volutin in the same way as its parent strain but was more convenient for the fractionation procedure due to its lack of extracellular polysaccharide. To supply sufficient quantities of cells, liquid cultures were grown for 24 hours at 37 C in 5 L flasks aerated after the sixth hour. The "complete" medium used for growing carbon deficient cells contained per 100 ml distilled water: glucose, 0.5 g; Na2HPO4, 0.9 g; KH2PO4, 0.3 g; NH4Cl, 0.5 g; NaCl, 0.1 g; K2SO4, 0.1 g; MgC12, 0.03 g; CaCl2, 0.001 g; FeCl3, 0.0001 g; glutamic acid, 0.002 g.
For growing cells deficient in other factors, the following modifications of this medium were used: (1) nitrogen deficient, the NH4Cl content was reduced to 0.005 g per 100 ml; (2) sulfur deficient, no K2SO4 was added; (3) potassium deficient, sodium salts were substituted for the potassium salts and 0.0001 g KCl added per 100 ml; (4) phosphorus deficient, the only phosphate added was 0.0002 g KH2PO4 per 100 ml, and the medium was buffered by addition of 1.0 g citric acid and 0.58 g NaOH per 100 ml with adjustment of pH to 6.6 (the acid formed from the glucose was balanced by base formed in metabolism of the citrate). The pH value after growth was in all cases between 6.4 (1954) . Table 4 shows the fractionation results for the cultures limited by the different nutrient deficiencies. The distribution of phosphorus compounds was generally similar in the three kinds of volutin-free cultures: the carbon, phosphorus, and potassium deficient. As might be expected, the P/N ratio of the phosphorus deficient cells was exceptionally low, being only about half that of the carbon or potassium deficient cells. In all three cultures the content of trichloracetic acid insoluble metaphosphate (R9) was negligible, and there was no appreciable barium precipitate at pH 3.5; the stated value in the table of 0.1 jig P per mg N is a maximum. The volutin containing cells grown in the nitrogen deficient and sulfur deficient media had a P/N ratio much increased above that of the volutinfree carbon deficient cells. Presumably this was due to protein formation being limited by lack of nitrogen and sulfur containing amino acids. Corresponding to the increase in the P/N ratio, there was an increase in the amount of phosphorus in all fractions. However, the increase did not exceed 6-fold in any fraction except the trichloracetic acid insoluble metaphosphate fraction (R9); this was increased over 80-fold in the nitrogen limited culture and 250-fold in the sulfur limited.
Analysis of phosphorus compounds in volutin forming subcultures of phosphate starved cells. Fractionations were made on young subcultures in a "complete" medium of cells from a phosphate starved growth. Two methods were employed: (a) Phosphorus deficient cells were grown for 24 hours at 37 C in 5 L aerated liquid medium as described in the previous section. The culture was cooled below 5 C in an ice bath. After centrifugation and washing twice in cold saline, the cells were suspended in 200 ml of the "complete" medium and incubated with aeration at 37 C for various times as shown in twice with cold saline and finally suspended in 20 ml cold distilled water for fractionation and analysis as described in the previous section. For a control, carbon deficient cells were grown and treated similarly, except that they were subcultured in one L of "complete" medium and were fixed with formalin after incubation. The results are shown in table 5. The carbon deficient cells did not form volutin on subculture and showed only a small increase in the P/N ratio. The latter was due mainly to the increase of ribonucleic acid (S7) which is normal in the early stages of growth. The trichloracetic acid insoluble metaphosphate (R9) increased very slightly but never reached a value as high as in cells with volutin. In contrast, the phosphorus deficient cells formed volutin in increasing amount during the first 30 minutes of subculture and showed an increase of the P/N ratio up to the value of the control cells. The formation of volutin was paralleled by a very large increase (over 150-fold) in the trichloracetic acid insoluble metaphosphate (R9). The 30 minute subculture was of special interest since it contained much volutin yet had a P/N ratio and ribonucleic acid content (S7) slightly less than in the corresponding volutin-free control cells. Thus, the production of volutin was not related to a general increase of the phosphorus in all fractions, but specifically to the large increase in the R9 fraction.
(b) In the aforesaid method of subculture by washing and transfer of cells to a second medium, it was difficult to avoid some contamination with phosphate in the initial centrifugation and thus premature synthesis of volutin. Moreover, the volutin production was to some extent impaired, probably due to metallic contamination from the Knaysi et al., 1950; Mudd et al., 1951b) , C. diphtheriae (Morton and Anderson, 1941; K6nig and Wsinklei, 1948; Bringmann, 1950 Bringmann, -1951 , Staphylococcuis flaomcyaneuis and iVeisseria m2eningitidis (Knaysi and Mudd, 1943) , and Bacillus mycoides (Knaysi and Bakei-, 1947 Mudd (1953) and W=inklei (1953) . The comparative stu(lies of Robinow and Cosslett (1948) and Hillier et al. (1949) showed that the nuclear staining sites of bacteria are normally less electron-scattering than the cytoplasm. However, the possibility is not yet excluded that in some circumstances the nuclei might become loadedl with electiron-scattering mater ial. Mudd et al. (1951 cl, b) (1948) and HaItman and Liu (1954 
